The authors present a fabrication technique of superconducting single photon detectors made by local oxidation of niobium nitride ultrathin films. Narrow superconducting meander lines are obtained by direct writing of insulating niobium oxynitride lines through the films using voltage-biased tip of an atomic force microscope. Due to the 30 nm resolution of the lithographic technique, the filling factor of the meander line can be made substantially higher than detector of similar geometry made by electron beam lithography, thus leading to increased quantum efficiency. Single photon detection regime of these devices is demonstrated at 4.2 K. © 2007 American Institute of Physics. ͓DOI: 10.1063/1.2738195͔ Superconducting single photon detectors 1 ͑SSPD͒ are today's most promising devices for high-speed single photon detection. Indeed they have shown lower jitter, 2 lower dark counts and higher bandwidth 3 compared to semiconducting detectors ͑avalanche photodiodes͒. Furthermore, their good sensitivity in the near infrared makes them very useful to be used as imagers of defects in very large scale integrated circuits 4 or as single photon detectors in quantum cryptography setups.
The authors present a fabrication technique of superconducting single photon detectors made by local oxidation of niobium nitride ultrathin films. Narrow superconducting meander lines are obtained by direct writing of insulating niobium oxynitride lines through the films using voltage-biased tip of an atomic force microscope. Due to the 30 nm resolution of the lithographic technique, the filling factor of the meander line can be made substantially higher than detector of similar geometry made by electron beam lithography, thus leading to increased quantum efficiency. Superconducting single photon detectors 1 ͑SSPD͒ are today's most promising devices for high-speed single photon detection. Indeed they have shown lower jitter, 2 lower dark counts and higher bandwidth 3 compared to semiconducting detectors ͑avalanche photodiodes͒. Furthermore, their good sensitivity in the near infrared makes them very useful to be used as imagers of defects in very large scale integrated circuits 4 or as single photon detectors in quantum cryptography setups. 5 Their detection principle is based on the conversion of the incident photon into a cascade of quasiparticles that induces a "hot spot" ͑i.e., a normal state region 6 ͒ in a portion of a nanowire. With the normal state sheet resistance of such a thin film being relatively high ͑ϳ350 ⍀ / square͒, this transient and very local resistive state generates a subnanosecond voltage pulse across the device which can be detected as individual single photon events.
1 Superconducting wires having a nanometer-sized cross section have proven to be necessary to let the low energy infrared photon creates a detectable hot spot. Moreover, the denser the meander line is made, the better the photonic cross section. Therefore, a large filling factor for the nanowire increases the detector quantum efficiency. Both requirements ͑narrow lines and high density͒ are highly demanding in terms of lithography. State-of-the-art resolution using electron beam lithography is usually limited by proximity effect. 7 In this letter, we present an alternative technology allowing fabrication of ultradense superconducting meander lines. These are obtained by direct oxidation of a niobium nitride ͑NbN͒ ultrathin films using the voltage-biased tip of an atomic force microscope ͑AFM͒. This technique 8 was pioneered in the early 1990s on silicon substrates 9 and rapidly extended to the controlled design of quantum devices by direct writing of sub-10-nm insulating oxide lines. 10 Since then many applications have been shown, including templates for molecular wires. Metal-based quantum devices using metallic ultrathin films such as quantum point contacts, 12 single electron transistors, 13 and magnetite constrictions 14 useful for spintronics have been obtained. More recently, its use has been extended to superconducting quantum devices. 15 In this letter, we follow that latter application and show the use of this oxidation technique to fabricate, in a single step, superconducting meander lines, without the use of resist or subsequent etching step. We show that the gap between superconducting strips obtained by this technique can be made significantly smaller to what is currently obtained using conventional electron beam lithography.
We start from NbN film which has been sputtered on R-plane sapphire using a Nb target operated in argon/ nitrogen plasma. 16 The total film thickness measured with an AFM is 8 nm from which we have to remove a dead layer of 2 nm consisting of native oxide. Using standard UV lithography, plasma etching, and metal deposition steps, a squared NbN pixel of 20ϫ 20 m 2 active area is patterned and connected to a 100-nm-thick gold coplanar waveguide. Local oxidation of the film with the AFM operated using tapping mode 17 is usually performed as the last fabrication stage. We use commercially available metal-covered tips ͑Pt or Pt-Ir͒ that is scanned over the surface at speeds around 0.1 m/s and biased with a 10 kHz square signal of amplitude typically 15 V peak to peak. The amplitude set point during lithography is reduced to about 20% of the free amplitude and the relative humidity is kept at 50%. This gives a 12-nm-thick oxide protrusion which presents 30-70 nm full width at half maximum. This latter value depends on the tip sharpness ͑see Fig. 1 inset͒. The total oxide height ͑including the buried oxide͒ ͑18 nm͒ is consistent with the creation of a niobium oxynitride NbN x O y phase 18 with high oxygen content that confers insulating properties. 19 The superconducting meander line is then fabricated using a set of interdigitated oxide lines ͑see wide meander strip line, with a 320 nm pitch which leads to a developed length of 44 m. The filling factor of the superconducting meander line can be increased up to 80% which is significantly higher to what is currently done using electron beam lithography ͑EBL͒ ͑typically 50%-60%, depending on the resolution achieved͒. Several additional advantages are provided by the oxidation technique: the regularity and surface roughness of the AFM-made superconducting lines are substantially better than what is routinely achieved by the alternative technology based on plasma etching. 20 Furthermore the nanowire sides are embedded in the niobium oxynitride, thus reducing aging due to further oxidation.
The detector is then placed in a liquid helium cryostat. Direct current ͑dc͒ characterization is done using RC low pass filtered lines while photon counting measurements are done using a setup similar as described in Ref. 1. Three different optical sources of different powers and wavelengths are used: a 400 nm blue light emitting diode ͑LED͒ of 3.25 mW nominal power, an 850 nm 20 ps pulse laser with a repetition rate of 100 kHz, and a 660 nm red LED.
The SSPD measured here showed a serial resistance of 36 k⍀ in the normal state and a superconducting critical temperature of 9.5 K. The dc voltage source IV curve ͑Fig. 2͒ exhibits a superconducting branch of 45 A followed by the characteristic hot-spot plateau 21 that develops over 100 mV before switching toward a linear branch corresponding to the normal resistance of several meander arms ͑7.7 k⍀͒. The associated critical current density is 3.5 MA/ cm 2 . Little hysteretical bumps along the hot-spot plateau are attributed to motion of free vortices ͑depinning͒ that are typical features encountered in such nanowires. 6, 21 In Fig. 2 inset is shown a time-resolved voltage pulse for the same device measured using high-speed measurement. The pulse amplitude is 100 V ͑before the 75 dB amplification͒ and the pulse width is 2.5 ns. The overall lineshape and subsequent backlash is due to amplifier artifacts. Figure 3 depicts the average number of these voltage pulses measured per unit time as a function of the current bias of the detector. Note that in the following figures, the bias current is normalized by the maximum superconducting current I, measured before switching to the resistive state. It is expected to be very close to the critical current I c . These measurements are repeated in darkness ͑squares on Fig. 3͒ and for constant photonic irradiation using the three different sources. All four curves roughly follow an exponential dependence with the current bias consistent to what was observed in typical SSPDs. 22 The dark counts which are about 20 Hz/ A is found to be similar to what is found in e-beam made SSPDs. 3 However these dark counts most probably comes from intrinsic noise from the device and not from thermal background radiation. Figure 4 depicts the count rate dependence as a function of the average number of photons incident on the detector measured for different source wavelengths ͑top͒ and for different SSPD current biases ͑bottom͒. However, the slope of the curve depicting the number of counts versus optical source attenuation depends critically on these wavelengths. All sources are heavily attenuated to be close to the single photon regime. 24 A clear difference of behavior is ob- tained depending on the source wavelength. Under blue and red irradiations, the slope of the count rates versus source attenuation plotted in log-log scale is roughly equal to one, showing a clear signature 1 of a single photon response. On the other hand, under irradiation with the IR source, one observes a roughly doubled slope which is consistent with a two photon response. When biasing the device close to the critical current ͑Fig. 4, bottom͒, one can check that this slope corresponding to the single photon regime is independent on the bias current. 23 The single photon response is preserved in finite current biasing region.
As a conclusion, we have presented fabrication and measurement of highly dense SSPDs involving fabrication using oxidation under an atomic force microscope. Single photon response is demonstrated under blue and red irradiations. 4 . ͑Top͒ Detector counting rates as a function of the sources attenuation for blue, red, and infrared irradiation and ͑bottom͒ at two different bias currents for blue irradiation.
